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Abstract:  
 
Switchgrass (Panicum virgatum L.) has high potential to be a major cellulosic 
bioenergy crop. Selection for later flowering plants will extend the growing season, likely 
resulting in larger biomass yields. However, it is little known of the genetic structure and 
mechanism for reproductive maturity in switchgrass.  Accordingly, the major objective of 
this study was to identify genomic regions for reproductive development. Two lowland 
switchgrass populations, a hybrid population consisting of 176 progeny derived from a 
cross between parents NL94 (♀) × SL93 (♂) and a first-generation self-fertilized 
population of 265 progeny from NL94, were used in this study. Significant genetic 
variation for reproductive maturity stages was observed within each of the two 
populations. A total of 178 simple sequence repeat (SSR) markers were genotyped in the 
hybrid population for the construction of a linkage map while a pre-existing linkage map 
of 439 SSR markers was used for quantitative trait loci (QTL) analysis between markers 
and phenotypic data. QTL analysis revealed that reproductive maturity was a complex 
trait as controlled by multiple genomic regions. The QTL regions between PVGA-
1727/1728 and PVGA-1201/1202 on linkage group (LG) 3b, between nfsg-125 and PVE-
781/782 on LG 2b, and between PVCAG-2503/2504 and PVAAG-3253/3254 on LG 7a 
were identified to be associated with reproductive maturity in both populations. Broad 
sense heritabilities were 0.08 to 0.66 and 0.03 to 0.48 for the selfed and hybrid 
populations, respectively. Use of the markers linked to the significant QTLs in the 
populations could accelerate the development of switchgrass varieties having later 
flowering time as a means in increasing biomass yield in switchgrass. 
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CHAPTER I 
 
 
INTRODUCTION 
Switchgrass (Panicum virgatum L.) is a predominant tallgrass species of the North 
America prairies (Bouton 2008; Wright et al. 2010). Multiple merits of switchgrass make it a 
highly suitable herbaceous candidate for cellulosic feedstock production, including high biomass 
yield potential, adaptation to marginal lands, strong stress resistance, minimal requirement of 
agronomic inputs, stand longevity and ease of management (McLaughlin et al. 1999). On the 
basis of morphological difference and habitat preference, switchgrass is mainly classified into 
two distinct ecotypes: lowland and upland (Porter 1966). In the southern Great Plains, lowland 
switchgrass has much higher biomass yield potential than upland ecotypes (Cassida et al. 2005; 
Fuentes and Taliaferro, 2002; US Department of Energy 2011; Casler 2012).  Therefore, breeding 
programs in the region have targeted on improving germplasm and developing superior cultivars 
in lowland switchgrass (Bouton 2007). 
Currently, a major goal of breeding efforts in switchgrass as a cellulosic bioenergy crop 
is focused on improving biomass yield (Casler et al. 2011). Potentially maximum yields of 
switchgrass are harvested from populations which have longer vegetative growth and later 
reproductive development. Newell (1968) reported, in a four-year field trial at three locations in 
Nebraska, that late maturing southern switchgrass collections produced higher yields than early 
maturing northern strains except in a western site where growing seasons were so short that the 
southern strains did not reach their full production potential. Talbert et al. (1983) reported that
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maturity was negatively correlated with dry matter yield although the correlation was not large (-
0.33). Sanderson et al. (1999) performed two field trials of three lowland and six upland ecotypes 
at five Texas locations and reported the germplasm especially upland ecotypes originated in the 
Midwest matured much earlier and produced significantly less biomass than the southern lowland 
accessions, indicating again maturity was related to biomass yield. In a two-year field trial at two 
Wisconsin locations, Casler (2014) found flowering time was a key factor affecting biomass yield, 
which explained 67% of the variation among hybrids in biomass yield, and most importantly, 
biomass yield could be increased by 0.47 Mg ha
-1
 for each day delay in flowering time. The 
previous results have revealed that the timing of reproductive maturity is an important factor 
among others determining biomass yield. Consequently, southern germplasm when grown at 
northern locations have a longer period of vegetative growth, later flowering, and bigger biomass 
yields than northern early-maturing populations (Newell 1968; Casler et al. 2007). However, 
growing southern late-maturing populations in northern sites should not be recommended beyond 
one hardiness zone than their origin due to severe stand losses to winterkill (Newell 1968; Casler 
et al. 2004, 2007).  
Reproductive development is a heritable trait. In the southern United States, as 
switchgrass plants mature before the end of the growing season, Van Esbroeck et al. (1998) 
proposed if the duration of vegetative growth of switchgrass was extended through selecting for 
delayed flowering its biomass yield might increase. The group effectively extended vegetative 
growth for approximately two weeks by selecting for late flowering plants in ‘Alamo’ 
switchgrass, which produced one or two more stem leaves than early flowering plants (Van 
Esbroeck et al. 1998). In most previous investigations researchers used heading date and/or 
flowering time to measure earliness versus lateness of reproductive development in switchgrass 
populations. Talbert et al. (1983) and Van Esbroeck (1998) reported there was large genetic 
variation for flowering time in lowland switchgrass germplasm. Talbert et al. (1983) reported 
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high narrow-sense heritabilities (0.91 or above) for switchgrass maturity based on a lowland 
population of 33 half-sib families. Using 37 lowland half-sib families of one lowland population, 
Bhandari et al. (2010) reported moderate to high (0.58-0.74) narrow sense heritabilities for 
heading and flowering time. Bhandari et al. (2011) observed heritability estimates for heading 
date were larger based on full-sib families than on half-sib families, suggesting dominant gene 
effect or epistasis likely played an important role. Investigating on upland switchgrass half-sib 
families, Price and Casler (2014) reported high narrow-sense and realized heritability estimates 
for flowering time. They recommended flowering time should be used as an effective secondary 
trait to biomass yield for within-family selection. 
Previous experiments have demonstrated that there is substantial variation in reproductive 
maturity and that selection for delayed flowering time based on field experiments is effective, but 
the procedures have limitations. Price and Casler (2014) correctly indicated successful field-based 
selection for late flowering requires large spaced-plant nurseries to assure sufficient variation, and 
large amounts of time to accurately measure flowering date in the field. If molecular markers are 
identified to be significantly linked to the genetic variation of reproductive maturity, marker-
assisted selection could be used as an alternative in the development of later maturing germplasm. 
Simple sequence repeat (SSR) markers have been proved to be highly informative due to their 
high polymorphism and codominant inheritance. Complete and relatively high-density genetic 
maps have been constructed using SSR markers in switchgrass (Okada et al. 2010; Liu et al. 
2012, 2013).   To our knowledge, no information is available on association between molecular 
markers and reproductive maturity in switchgrass. Accordingly, the major objective of this study 
was to identify genomic regions associated with reproductive maturity in lowland switchgrass 
using SSR markers.   
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CHAPTER II 
 
 
REVIEW OF LITERATURE 
Significance of switchgrass for bioenergy production 
Modern society’s overwhelming dependence on fossil fuels poses great concerns. As 
petroleum, coal, and natural gas become exhausted, we must find new sources of energy to face 
global economic development. But ironically, use of fossil fuels lead to global environmental 
disruptions (Parrish and Fike 2005). Based on knowing that, the United States of America has 
investigated an array of resources to develop biofuels as alternative to fossil fuels. Ethanol is an 
environment friendly biofuel source, which can be produced from feedstock resources like sugar, 
starch, and cellulosic biomass. The use of ethanol for fuel is an effective way to reduce 
greenhouse gas emissions and bring a boost for energy independence. Many countries have 
devoted great energy to the development of new technologies used in converting cellulosic 
biomass to ethanol. The current bioethanol production in the US is almost entirely based on corn 
(Petrulis et al. 1993). However, many studies indicated that using corn for bioethanol production 
was not appropriate. First of all, growing corn for ethanol production occupies large areas of 
cropland and could negatively affect food production (Varvel et al. 2008). Secondly, corn 
plantation requires lots of energy in field management like irrigation, fertilizer, pesticide and 
herbicide (Patzek et al. 2005). In 2011, switchgrass was recognized as a promising bioenergy 
crop in the Billion-Ton Update report (U.S. Department of Energy, 2011). According to a farm-
scale study of switchgrass, Schmer et al. (2008) reported that switchgrass produced 540% more 
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energy than the energy input for feedstock production, and greenhouse gas emissions from 
converting switchgrass feedstock to ethanol was significantly reduced by 94% compared with that 
from gasoline. Unlike corn, switchgrass can grow on marginal lands and requires relatively 
modest levels of chemical fertilizers. Overall, it is considered a resource-efficient, low-input crop 
for producing bioenergy from farmland. Moreover, The main advantage of using switchgrass over 
corn as an ethanol feedstock is its cost of production is generally about 1/2 that of grain corn, and 
more biomass energy per hectare can be captured in the field. Thus, switchgrass cellulosic ethanol 
should give a higher yield of ethanol per hectare at lower cost. 
Biological and agronomical characteristics of switchgrass 
Switchgrass is a C4 perennial grass which is native to North America. It is an important 
member of the tribe Paniceae in the subfamily Panicoideae of the family Poaceae (Wang et al. 
2011). The plant grows from 1 to 3 m tall with outstanding stand longevity, once established, it 
can sustainably produce biomass for more than 10 years (Garland 2010).  
Switchgrass can be used for multiple aspects. In addition to the biomass energy 
production, it is natural habitat for wild life. It can be grown as ground cover for soil conservation, 
for forage and grazing. Farmers also use it as a substitute for wheat straw in many applications, 
including livestock bedding, straw bale housing, and as a substrate for growing mushrooms. 
Additionally, switchgrass can be used as ornamental grass because of its drought-resistant 
characteristic. 
Switchgrass is naturally distributed over large geographical areas spanning from 15 to 55 
degree north latitude (Hitchcock 1951), because of its wide distribution, switchgrass is normally 
classified into two ecotypes: lowland and upland switchgrass (Porter 1966). Further studies 
recognized four subecotypes, northern upland, south upland, northern lowland and southern 
lowland, based on their latitudinal adaptation (Casler et al. 2004). Lowland switchgrass grows 
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well in more moist low areas with warmer temperatures such as the southern USA, plants are 
taller and coarser than upland plants, while upland switchgrass is mainly distributed in upland 
sites, plants have a more spreading habit due to longer rhizomes. More importantly, lowland 
switchgrass has higher biomass yield compared with upland switchgrass (Bouton 2007; 
Sanderson et al. 1996). 
Switchgrass is a largely out-crossing species with self-incompatibility (Talbert et al. 
1983; Taliaferro et al. 1999). In field condition, switchgrass plants tend to produce hybrid seeds 
with wind-facilitated pollination. Although strong self-incompatibility is prevailing in switchgrass 
populations, successful attempts had been made in identifying self-compatible plants, Liu and Wu 
(2012) found one lowland plant ‘NL94’ exhibiting high self-compatibility.  With a base 
chromosome number of nine, switchgrass comprises an array of ploidy levels, from diploid 
(2n=2x=18) to 12-ploid (2n=12x=108). Lowland switchgrass are predominantly tetraploid 
(2n=4x=36), while upland switchgrass is largely octoploid (2n=8x=72). Molecular genetics 
studies revealed that tetraploid switchgrass has a disomic inheritance mode (Liu et al. 2012; 
Okada et al. 2010). 
Breeding switchgrass for bioenergy production 
In switchgrass, major efforts are currently being undertaken to improve biomass yield 
and enhance the traits related to conversion efficiency from cellulose to ethanol and butanol 
(Bouton 2008). Biomass yield in switchgrass is mainly determined by number of phytomers per 
tiller and weight per phytomer (Boe et al. 2005). Other factors like frequency of reproductive 
tiller production, phytomer development rate also play pivotal roles in biomass yield and seed 
production (Bouton 2007). Three traits have been commonly used as indirect selection criteria for 
biomass yield: plant height, tiller count, and date of flowering. In upland tetraploid switchgrass, 
among-and-within-family selection proved moderate heritability (0.41) for plant height, with 
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greater values for selection of increased height, while heritability for tiller count was generally 
low (0.06), and flowering date was estimated to have high heritability (0.75) overall in both 
selection direction (Price et al. 2014). In lowland switchgrass, according to the research of 
Bhandari et al. (2010), half-sib families were different for biomass yields and other traits, 
suggesting that the presence of additive gene effect in controlling these traits. Heritabilities were 
moderate (0.40-0.70) for heading, flowering, and plant spread.   
Being a C4 crop, switchgrass is forty percent more efficient in photosynthetic activity 
than C3 crops and thus the energy output potential is higher (Samson et al. 2005). A higher 
photosynthetic efficiency results in more net energy gain during vegetative growth period. 
However, improvements in photosynthetic efficiency have been limited (Evans 1993), many 
annual crop breeders have selected for an optimal duration of growth as the avenue to increasing 
biomass yield (Wallace et al. 1993). For switchgrass, Esbroeck et al. (1998) proposed that an 
extended duration of vegetative growth in switchgrass by selecting for delayed flowering might 
be a means to achieve higher biomass yield. Besides, as in the classification of switchgrass 
ecotypes, a later maturity and more rapid stem elongation rate in lowland switchgrass give rise to 
a longer retention of photosynthetic tissues and therefore an accompanying higher biomass yield 
potential compared with upland switchgrass (Casler et al. 2004). Therefore, clarifying the genetic 
basis for reproductive maturity has considerable importance in switchgrass breeding.  
Reproductive maturity and its effect on biomass production in switchgrass 
Reproductive development is a heritable trait. Plant development progresses through two 
distinct phases: vegetative growth, followed by a reproductive phase. During vegetative growth 
stage, plants generally rapidly increase their photosynthetic capacity and their size and mass. 
Then, the reproductive maturity phase occurs, during which plants are busy with the production 
of new individuals or offspring.  
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Reproductive maturity is a key developmental stage related to biomass yield in 
switchgrass. Studies on other crops like wheat, maize, rice and cotton, indicated that timing to 
maturity had significant associations with biomass yield and other related traits (Halloran 1977; 
Russell and Stuber 1983; Salam and Mackill 1993; Li et al. 2013). 
Potentially maximum yields of switchgrass are harvested from populations which have 
longer vegetative growth and later reproductive development. Newell (1968) reported, in a four-
year field trial at three locations in Nebraska, that late maturing southern switchgrass collections 
produced higher yields than early maturing northern strains except in a western site where 
growing seasons were so short that the southern strains did not reach their full production 
potential. Talbert et al. (1983) reported that maturity was negatively correlated with dry matter 
yield although the correlation was not large (-0.33). Sanderson et al. (1999) performed two field 
trials of three lowland and six upland ecotypes at five Texas locations, indicating the germplasm 
especially upland ecotypes originated in the Midwest matured much earlier and produced 
significantly less biomass than the germplasm from the southern lowland accessions, indicating 
again maturity was related to biomass yield. The previous results together may have revealed that 
the timing of reproductive maturity is an important factor among others determining biomass 
yield. Consequently, southern germplasm when grown at northern locations have a longer period 
of vegetative growth, later flowering, and bigger biomass yields than northern early-maturing 
populations (Newell 1968; Casler et al. 2007). However, growing southern late-maturing 
populations in northern sites should not be recommended beyond one hardiness zone than their 
origin due to severe stand losses to winterkill (Newell 1968; Casler et al. 2004, 2007).  
QTL mapping in plant breeding 
Quantitative trait loci (QTLs) are stretches of DNA containing or linked to the genes that 
underlie a quantitative trait of interest. Mapping regions of the genome that contain genes 
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involved in specifying a quantitative trait is done using molecular tags such as simple sequence 
repeat (SSR). This is an early step in identifying and characterizing the actual genes underlying 
trait variation.  QTL analysis is a statistical method that links two types of information—
phenotypic data (trait measurements) and genotypic data (usually molecular markers)—in an 
attempt to explain the genetic basis of variation in complex traits. QTL analysis allows 
researchers in fields as diverse as agriculture, evolution, and medicine to link certain complex 
phenotypes to specific regions of chromosomes. The goal of this process is to identify the 
action, interaction, number, and precise location of these regions.  
QTL mapping bring great help to breeders in linking quantitative phenotypic variation to 
qualitative genotypic marker polymorphism, and speed up the development of improved cultivars 
(Wang et al. 2011). The first genetic map was constructed with 102 restriction fragment length 
polymorphism (RFLP) single dosage markers (Missaoui et al. 2005), which were distributed in 
eight homology groups covering over 400 cM.  Simple sequence repeat (SSR) markers, also 
known as microsatellites, are tandem repeats of 2-6 bp DNA sequence. SSRs are most widely 
used because of its multiple merits, like high information content, codominant inheritance pattern, 
easy use, and reproducibility (Kashi et al. 1997). Complete and relatively high-density genetic 
maps have been constructed using SSR markers in switchgrass (Okada et al. 2010; Liu et al. 
2012, 2013).  
To our knowledge, no information is available on association between molecular markers 
and reproductive maturity in switchgrass. Accordingly, the major objective of this study was to 
identify genomic regions associated with reproductive maturity in lowland switchgrass using SSR 
markers.   
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CHAPTER III 
 
 
METHODOLOGY 
Plant materials 
Two mapping populations consisted of 441 progeny along with two parental genotypes 
NL94 and SL93, of which 265 were first-generation inbred lines derived from self-fertilization of 
NL94, the rest 176 individuals were hybrids from a cross between NL94 (♀) × SL93 (♂). The 
NL94 parent was chosen in the summer of 2007 from the Oklahoma State University (OSU) 
northern lowland (NL) breeding population in a low yield environment selection nursery. The 
SL93 parent was chosen at the same time in 2007 from the OSU southern lowland (SL) breeding 
population. One cross between NL94 and SL93 parents was made in September to November, 
2007.  One potted NL94 plant and one SL93 plant were prepared in a greenhouse and just before 
flowering they were moved into a large growth chamber at the OSU Controlled Environmental 
Research Laboratory. Seedlings from the seeds harvested on NL94 parent were composed of 279 
selfed and 177 crossed progeny as identified by SSR markers (Liu and Wu 2012). Technical 
details for the parent plants and two progeny populations were described by Liu and Wu (2012). 
In 2009, individual plants of the two populations and parents were transplanted into a space-plant 
field nursery on the OSU Agronomy Research Farm. In the summer of 2010, for each member of 
the two mapping populations and parents, approximately 20 clones were cultivated in individual 
containers in a greenhouse from ramets or from dormant nodal buds on stems of plants grown in 
the space-plant nursery (Wu 2014). 
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Experimental design, establishment and management of field trials 
Two field trials of the mapping populations with their parental plants were established in 
2011, one on the OSU Agronomy Farm, Stillwater, and the other on Cimarron Valley Research 
Station (CVRS), Perkins, OK. Soil types were tested to be Kirkland silt loam and Teller fine 
sandy loam in the Stillwater field and Perkins field, respectively. Plots were arranged in a 
randomized complete block design at each location, with three replications. Each plot contained 
three clonal plants of one genotype. The trial in Stillwater was set out in 10 plots per row by 45 
rows for each replication, and the trial in Perkins was arranged in 15 plots per row by 30 rows for 
each replication. Spacing between two neighboring plants in a row and between rows was 1.07 m. 
Border rows were planted around each field to minimize border effects. 
Clonal plants were transplanted into a nursery on the Agronomy Farm on May 16-17 and 
into a nursery of CVRS on June 1-7, 2011. After transplanting, the two nurseries were 
immediately sprayed with 1.12 kg Atrazine (6-chloro-N-ethyl-N-isopropyl-1,3,5-triazine-2,4-
diamine), 1.12 kg Surflan (Oryzalin: 3,5-dinitro-N
4
N
4
-dipropylsulfanilamide), and 0.007 kg 
Escort (Methyl 2-[[[[(4-methoxy-6-methyl—1,3,5-triazin-2-yl) amino] sulfonyl] benzoate) a.i. 
per ha. Irrigation was applied to provide sufficient soil moisture in the two nurseries for two 
weeks post transplanting. In the establishment year, no fertilizer was given to the nurseries. In the 
winter seasons, 2011-2012 and 2012-2013, plants were harvested at 10 cm height above ground 
surface. 
In March, both 2012 and 2013, Atrazine at 2.24 kg, Surflan at 2.24 kg, Roundup 
(Glyphosate: N-(phosphonomethyl) glycine) at 4.48 kg, a.i./ha were applied before switchgrass 
plants greened up. In March, to help identify correct row numbers for phenotypic data collection, 
white posts were installed on the west end every 10 rows. In May, when switchgrass plants 
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actively grew, urea was applied at a rate of 67.2 kg N/ha. Contaminants and weedy plants 
occurred in the summer were removed by spot-spraying of Roundup or hand weeding.  
Phenotypic evaluation of reproductive maturity 
To assure the accuracy of phenotyping, an orange ribbon was tied to a main stem of one 
representative plant (mostly the middle plant) among three plants per plot before phenotypic data 
were collected.  Phenotypic data were collected based on a numerical system ranging from 1 to 7, 
in which 1 representing the booting stage to 7 being maximum flowering (Table 1). The 
phenotypic scale system was developed according to Moore et al. (1991) and Sanderson (1992). 
Reproductive maturity was evaluated two times in August for the nursery at Stillwater and one 
time at Perkins in 2012 and two times, for each location in 2013, with an interval of two weeks 
between two sequential phenotypic data collections. 
Table 1 Numerical indexes and corresponding morphological descriptions for scoring 
reproductive maturity stages 
Score Description of morphological characters 
1 Boot stage, inflorescence palpable or visible in flag sheath 
2 
Initiation of exsertion of inflorescence, tip of inflorescence is visible and 
without spreading branches 
3 
Medium exsertion of inflorescence, branches of inflorescence spread out and 
length of inflorescence reaches about 50% 
4 
Full exsertion of inflorescence, last branch of inflorescence is out of flag leaf 
sheath. 
5 
Initiation of anthesis, florets of less than 30% length of inflorescence are 
flowering 
6 Medium anthesis, florets of 30-70% length of inflorescence are flowering 
7 Maximum anthesis, florets of more than 70% of inflorescence are flowering 
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SSR genotyping and genotypic data collection 
DNA isolation from fresh leaf tissues was conducted with a CTAB method (Doyle and 
Doyle, 1990), with minor modifications made according to Liu and Wu (2012). SSR markers 
developed by Wang et al. (2011) were used to screen for polymorphism using both parents and 
six randomly selected hybrid progeny. Then polymorphic SSRs were used to genotype 132 
individuals (including two parents) randomly selected from 177 hybrids derived from the cross 
between NL94 (♀) × SL93 (♂). The reason why 132 individuals were used for genotyping work 
was determined by the genotype-detecting equipment, LI-COR 4300 DNA Analyzer which 
allowed 66 samples loaded in each gel. Fluorescence-labeled polymerase chain reaction (PCR) 
and gel electrophoresis were performed on Biosystems 2720 thermal cyclers (Applied 
Biosystems, CA) and LI-COR 4300 DNA Analyzer (LI-COR, Lincoln, NE) , respectively. PCR 
chemical recipe, thermal conditions, and cycle numbers followed the routine procedure outlined 
by Wu and Huang (2008). At the end of PCR, 5 µl Blue Stop Solution (90% formamide in 
bromophenol blue) was added to the DNA sample in each well, mixed thoroughly, spin down, 
and run for extra 3 minutes at 94 °C in the thermal cycler. PCR products of one plate labeled with 
700-nm fluorescent dye were mixed with the other plate labeled with 800-nm dye. Then 0.5-0.8 
µl of each mixed PCR sample was loaded into each well of a 6.5% KB
plus
 gel in 1X Tris borate-
EDTA buffer and run at a constant 1500V for 1.5 h on the LI-COR 4300 DNA Analyzer.     
For the hybrid population, the type of segregation may vary across SSR markers. Up to 
four different alleles may be segregating in the progeny population. All the markers were visually 
scored following the segregation type according to JoinMap 4.0 Manual (Van Ooijen 2006), and 
genotypic data were recorded into an Excel spreadsheet according to the data file format 
described in the Manufacturer’s manual.  
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For the selfed population, all the markers were originally recorded as <hkxhk> pattern 
(locus heterozygous in the parent) by Liu et al. (2012; 2013). SSR-amplified fragments with only 
one upper band were scored as ‘hh’, with two bands were scored as ‘hk’, and with only a lower 
band were scored as ‘kk’. Because selfed population type is not available for analysis in JoinMap 
and MapQTL, and the outcross (CP) full-sib family population type was also unfeasible because 
all the markers segregate as <hkxhk> in either coupling {00} or repulsion {11} phases in both 
parents, resulting in singularity errors for QTL analysis (Van Ooijen 2006), then according to the 
linkage phase information automatically calculated in JoinMap 4, all the markers were recoded 
following  the format of  population type F2: phases {00}:  hh>a, hk>h, kk>b; phases 
{11}:  hh>b, hk>h, kk>a.  
Data analysis 
Linkage analysis was conducted using JoinMap 4.0. The F2 population type was used for 
the selfed population. Segregation ratios of markers were calculated using chi-square test for 
goodness-of-fit to the expected ratios. If markers showed severe segregation distortion 
(P<0.0001) they were removed from the analysis. Marker information of the selfed progeny plant 
“No. 166” was deleted because of its absence in the field. Then all the markers were grouped into 
linkage groups at a minimum independence test LOD score of 7.0. Maximum-likelihood (ML) 
mapping algorithm was used to order the loci within each linkage group (LG). Finally, 439 
markers were grouped into 18 LGs. After grouping, map distance was calculated using Kosambi 
mapping function (Stam 1993). For the hybrid population, the outcross pollinated (CP) full-sib 
family was used. Linkage analysis of the hybrid population followed similar procedure as used in 
the selfed population. The linkage map of the hybrid population was added with labels of 
dominant markers and segregation distorted markers using Mapchart 2.2 (Voorrips 2002). 
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SAS/MEANS was used to calculate mean values and associated standard deviations for 
phenotypic data collected at each time in each of the two populations (SAS Institute 2003). 
Microsoft Excel 2010 was used to generate histograms of phenotypic data. SAS/COOR was 
performed to calculate correlation coefficients among different trials. SAS/MIXED procedure 
was used to do ANOVA analysis and to obtain the variance components with TYPE3 sum of 
squares as the estimation method. Broad sense heritabilities (h
2
) were calculated using the 
following formula: h
2
= ̂2g  / [ ̂
2
g   +  ̂
2 
g   e+ ( ̂
2
error / r)], where  ̂
2
g ,  ̂
2 
g  e,  ̂
2
error are genotypic variance, 
genotype-by-environmental variance and error variance, respectively, and r is the number of 
replications per environment.  
Mean values of the reproductive maturity ratings for each family at different time points 
were used for QTL mapping analysis. For QTL analysis, interval mapping (IM) and multiple-
QTL model (MQM) mapping were performed using MapQTL 6 (Van Ooijen 2009). At a 
significant p value of 0.05, LOD threshold was calculated by a 1,000 permutation test. After QTL 
detection in two populations, markers flanking common QTLs were genotyped in the whole 
selfed population to confirm the results. 
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CHAPTER IV 
 
 
FINDINGS 
 
Phenotypic data analysis 
Means and associated standard deviations of reproductive maturity ratings in two parents 
and two mapping populations were given in Table 2. There was substantial variation in 
reproductive maturity in the two populations (Table 2). The ANOVA analyses indicated that plant 
genotype consistently had significant effects on the phenotypic variation of reproductive maturity 
in the two populations while the effects of location and plant by location interaction on the trait 
varied (Table 3). Variance components are presented by population for each dataset collected in 
2012 and 2013 (Table 4). Broad sense heritabilities for reproductive maturity ranged from 0.08 to 
0.66 and 0.03 to 0.48 for the hybrid population and selfed population, respectively. Frequency 
distributions of phenotypic data are shown for the hybrid population (Fig. 1) and selfed 
population (Fig. 2), separately. The positive correlations among phenotypic values in datasets 
collected at different time suggested that genetic control of reproductive maturity over time is 
significantly related (Table 5; Table 6). In both populations, reproductive maturity ratings in 2012 
generally had smaller correlations with those in 2013, ranged from 0.21 to 0.49 for the hybrid 
population, and 0.26 to 0.51 for the selfed population. Reproductive maturity ratings in 2013 
generally had medium to high correlations among different time points across two locations. 
However, in 2012 the reproductive maturity ratings correlation was relatively low between two 
locations for both populations, about 0.26 for the hybrid population, and 0.49 to 0.58 for the
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selfed population. 
Linkage analysis for the hybrid population 
One hundred seventy eight polymorphic SSR markers were genotyped to generate a 
linkage map for the hybrid population (Fig. 3), of which four markers were tested to be dominant 
while all others were codominant (Table 7). The number of loci per linkage group (LG) varied 
from 3 (LG 7b and 8a) to 22 (LG 3b). The total length of the map was 1080 cM, and the average 
distance between two adjacent markers was 6.1 cM. Sixteen gaps were found with a distance > 15 
cM, which may not be suitable for QTL analysis and marker-assisted application (Beckmann and 
Soller 1983). The LGs were named according to the previous maps by Okada et al. 2010. 
However, compared with the high-density linkage map of the selfed population (Liu et al. 2013), 
LG 4a and 4b merged into one single group in the hybrid population, which resulted in a total of 
17 LGs. 
QTL detection and their effects 
For the selfed population, the IM identified 5 QTLs affecting reproductive maturity, 
mainly distributed on LGs 2b, 7a (Table 8). Identified QTLs accounted for 14.1-22.1% of the 
phenotypic variation. The MQM identified 6 QTLs affecting reproductive maturity (Table 9), 
dispersed on LGs 2b, 3b, 7a and 9a and explained 9.0-22.3% of the phenotypic variance. 
Among these QTLs, two located on LG 2b had consistent effects on reproductive 
maturity. One QTL between markers SWW-583 and PVCA-173/174 was responsible for the 
maturity ratings of year 2012 (Fig. 4), which accounted for 12.8% of the phenotypic variation in 
genetic control of reproductive maturity, while the other QTL between PVCA-917/918 and PVE-
775/776 showed a significant effect on maturity ratings of year 2013 (Fig. 5), and explained 11.0-
22.3% of the variation. Different major QTLs identified for different year may imply an 
environment-related effect on expression of the QTLs. QTLs between PVGA-1727/1728 and 
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PVE-987/988 on LG 3b also showed effects on maturity, which explained 8.4-9.0% of the 
phenotypic variance. QTLs between PVAAG-2503/2505 and PVAAG-3253/3254 on LG 7a, and 
between PVE-49/50 and SWW-170 on LG 9a were also identified, which accounted for 12.4 and 
11.8-12.2 % of the phenotypic variance.  
The IM analyses identified 15 QTLs affecting reproductive maturity in the hybrid 
population (Table 10), on LGs 1a, 2b, 3a, 3b, 4a, 6b, 7a and 8b. Identified QTLs accounted for 
10.4-27.4% of the phenotypic variation. MQM analysis identified 12 QTLs occurring on LGs 1a, 
2b, 3a, 3b, 7a, 8b, 9a (Table 11), which explained 7.2-18.5% of the phenotypic variance. 
Among these QTLs, those located on LG 3b had major effects on reproductive maturity. 
However multiple regions were identified to have associations with reproductive maturity, one 
region was identified between marker PVGA-1727/1728 and PVE-987/988, which accounted for 
7.6-13.0% of the phenotypic variation, a second region between PVGA-1983/1984 and SWW-
2922, which explained 9.9-12.7 % of the phenotypic variation. In addition, genomic region 
between nfsg-125 and PVE-781/782 identified on LG 2b in the hybrid population was also 
revealed in the selfed population, which explained 9.9 % of the phenotypic variation. QTL 
between PVCAG-2503/2504 and PVAAG-3253/3254 on LG 7a also occurred in both 
populations, which accounted for 10.9% of the phenotypic variation in the hybrid populations. 
Another QTL region located on LG 8b between PVGA-1275-1276 and nfsg-112 was identified in 
the hybrid population, accounting for 7.4-8.2% of the phenotypic variance. Other new genomic 
regions on LG 1a between PVE-1361/1362 and PVGA-2107/2108, and between PVGA-
1513/1514 and PVCAG-2517/2518 on LG 9a were identified, each accounting for 8.7% and 
18.5% of the phenotypic variation, respectively.  
The QTL regions between PVGA-1727/1728 and PVGA-1201/1202 on LG 3b, 
between nfsg-125 and PVE-781/782 on LG 2b, and between PVCAG-2503/2504 and 
19 
 
PVAAG-3253/3254 on LG 7a were identified to be associated with reproductive maturity 
in both populations. Markers flanking these major QTL regions were then genotyped in 
the remaining 127 progeny of the selfed population, resulting in phenotypic and 
genotypic data of the whole population of 265 progeny used for QTL mapping. These 
common QTLs were still present in the whole selfed population (Fig. 6). 
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Table 2 Means and associated standard deviations in reproductive maturity ratings of two parents 
and two populations  
Dataset NL94 (P1) SL93(P2) Hybrid Pop. Selfed Pop. 
STW12-1
a
 2.0±0.0
b
 1.3±0.6 1.9±0.9 3.1±0.9 
STW12-2 3.0±0.0 1.7±0.6 2.5±1.2 3.6±1.0 
STW13-1 2.0±0.0 1.7±0.6 1.6±0.5 2.6±0.6 
STW13-2 3.7±0.6 3.0±0.0 3.0±0.6 4.0±0.7 
PKS12 5.3±0.6 4.0±1.0 4.6±1.3 4.0±1.0 
PKS13-1 3.0±0.0 2.0±0.0 2.3±0.6 2.8±0.7 
PKS13-2 4.7±0.6 3.0±0.0 3.2±0.6 4.0±0.7 
 a 
STW12-1 stands for the first time reproductive maturity ratings in Stillwater, OK in 2012 
 
b
 Reproductive maturity rating scale given as 1 through 7, being from boot stage to maximum 
flowering, respectively. 
 
 
Table 3 P values in the ANOVA analyses for reproductive maturity in two lowland switchgrass 
populations in two years 
Populations Factor 
2012 2013 
first
d
 second first second 
 Plant ID 0.0009 <.0001 <.0001 <.0001 
Hybrid
c
 Location <.0001 0.1539 <.0001 <.0001 
 ID*Location 0.0026 0.4060 0.1568 <.0001 
 Plant ID 0.0105 0.0005 <.0001 <.0001 
Self Location 0.0090 0.0163 0.0008 <.0001 
 ID*Location 0.0003 0.9938 <.0001 <.0001 
c
 Hybrid stands for the hybrid population 
d 
first stands for the first time data collection in each population. 
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Table 4 Broad sense heritability estimates for reproductive maturity based on components of 
genetic variance in hybrid and selfed lowland switchgrass populations 
Pop. Dataset 
Variance component estimates 
Broad sense 
 heritability 
 ̂2g  ̂
2 
g  e  ̂
2
error h
2
 
Hybrid STW12-1 1.022641 0.747186 10.575758 0.0828 
 
STW12-2 1.756017 1.238225 1.643939 0.3786 
 
STW13-1 0.468561 0.204794 2.160985 0.1653 
 
STW13-2 0.584665 0.196418 0.960227 0.3358 
 
PKS12 2.461299 1.288799 3.126894 0.3579 
 
PKS13-1 0.752803 0.156894 0.876894 0.4214 
 
PKS13-2 0.563622 0.177031 0.108052 0.6641 
Self STW12-1 1.077239 0.671448 36.792805 0.0280 
 
STW12-2 1.381548 0.859778 7.572808 0.1408 
 
STW13-1 0.835126 0.219942 3.231773 0.1948 
 
STW13-2 0.923278 0.252622 1.151519 0.3967 
 
PKS12 1.473256 0.810811 8.407596 0.1378 
 
PKS13-1 0.839928 0.252183 0.647220 0.4829 
 
PKS13-2 0.852950 0.287930 3.404528 0.1877 
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Table 5 Phenotypic correlation coefficients and associated probability values among reproductive 
maturity ratings in a hybrid population of lowland switchgrass 
Trails STW12-2 STW13-1 STW13-2 PKS12 PKS13-1 PKS13-2 
STW12-1 0.81 0.49 0.46 0.26 0.37 0.37 
 <.0001 <.0001 <.0001 0.0006 <.0001 <.0001 
STW12-2  0.44 0.44 0.26 0.26 0.34 
  <.0001 <.0001 0.0005 0.0005 <.0001 
STW13-1   0.69 0.21 0.65 0.55 
   <.0001 0.0054 <.0001 <.0001 
STW13-2    0.23 0.59 0.61 
    0.0020 <.0001 <.0001 
PKS12     0.21 0.34 
     0.0054 <.0001 
PKS13-1      0.70 
      <.0001 
 
Table 6 Phenotypic correlation coefficients and associated probability values among reproductive 
maturity ratings in a selfed population of lowland switchgrass genotype NL94. 
Trails STW12-2 STW13-1 STW13-2 PKS12 PKS13-1 PKS13-2 
STW12-1 0.78 0.47 0.37 0.49 0.40 0.26 
 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 
STW12-2  0.45 0.51 0.58 0.32 0.39 
  <.0001 <.0001 <.0001 <.0001 <.0001 
STW13-1   0.69 0.30 0.77 0.50 
   <.0001 <.0001 <.0001 <.0001 
STW13-2    0.36 0.55 0.57 
    <.0001 <.0001 <.0001 
PKS12     0.44 0.34 
     <.0001 <.0001 
PKS13-1      0.58 
      <.0001 
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Table 7 Simple sequence repeat marker loci and recombination distances of linkage groups in a 
full-sib population of NL94 and SL93 lowland switchgrass genotypes. 
Linkage 
group 
No. of loci on 
map 
Total length 
(cM) 
Average distance 
(cM) 
Number of gaps 
> 15 cM 
Dominant 
markers 
1a 11 91 8.3 1 1 
1b 8 82 10.3 2 0 
2a 11 88 8.0 1 0 
2b 17 79 4.6 2 0 
3a 8 97 12.1 3 0 
3b 22 99 4.5 0 0 
4a&b 17 66 3.9 1 0 
5a 15 70 4.7 0 0 
5b 11 83 7.5 2 0 
6a 6 49 8.2 1 0 
6b 8 64 8.0 2 0 
7a 11 43 3.9 0 0 
7b 3 9 3.0 0 0 
8a 3 7 2.3 0 0 
8b 8 56 7.0 0 1 
9a 9 52 5.8 0 0 
9b 10 45 4.5 1 2 
Total 178 1080 
 
16 4 
Average 10.5 63.5 6.1 0.9  
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Table 8 QTLs identified using Interval Mapping (IM) for reproductive maturity in a selfed population of NL94 lowland switchgrass 
Dataset Linkage group LOD peak 
Position of LOD 
peak (cM) Left-Right Locus 
% phenotypic variance 
explained 
STW12-1 2b 4.74 68.999 SWW-583 PVCA-173/174 14.6 
STW13-1 
2b 6.83 31.952 SWW-2501 SWW-1622 20.4 
2b 7.43 49.228 PVCA-917/918 PVE-225/226 22.0 
7a 4.56 37.561 PVAAG-3051/3052 SWW-2532 14.1 
STW13-2 
2b 5.94 65.348 SWW-583 PVE-1143/1144 18.0 
7a 5.26 34.817 PVAAG-3051/3052 PVAAG-3253/3254 16.1 
PKS13-1 
2b 6.65 31.952 SWW-2501 SWW-1622 20.3 
2b 7.33 49.228 PVCA-917/918 PVE-225/226 22.1 
7a 4.52 36.817 PVAAG-3051/3052 SWW-2532 14.3 
PKS13-2 2b 7.22 50.155 PVCA-917/918 PVE-225/226 21.8 
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Table 9 QTLs identified using Multiple QTL Mapping (MQM) for reproductive maturity in a selfed population of NL94 lowland switchgrass 
Dataset Linkage group LOD peak 
Position of LOD 
peak (cM) Left-Right Locus 
% phenotypic variance 
explained 
STW12-1 
2b 4.11 66.999 SWW-389 PVCA-173/174 12.8 
3b 4.03 40.703 PVGA-1197/1198 PVGA-1201/1202 11.0 
STW13-1 
2b 8.64 49.228 PVCA-917/918 PVE-775/776 22.3 
3b 4.03 59.323 PVGA-1727/1728 PVE-987/988 8.4 
9a 4.93 94.004 PVE-49/50 SWW-170 11.8 
STW13-2 
2b 4.14 49.228 PVCA-917/918 PVE-775/776 11.0 
7a 4.67 32.817 PVAAG-2503/2504 PVAAG-3253/3254 12.4 
PKS13-1 
2b 8.54 49.228 PVCA-917/918 PVE-775/776 22.3 
3b 4.32 59.323 PVGA-1727/1728 PVE-987/988 9.0 
9a 5.00 93.004 PVE-49/50 SWW-170 12.2 
PKS13-2 2b 7.22 50.155 PVCA-917/918 PVE-775/776 21.8 
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Table 10 QTLs identified using Interval Mapping (IM) for reproductive maturity in a hybrid population of NL94 × SL93 lowland switchgrass 
parents 
Dataset Linkage Group 
LOD 
peak 
Position of LOD 
peak (cM) Left-Right Locus 
% phenotypic variance 
explained 
STW12-1 3b 3.64 34.417 PVGA-1201/1202 PVE-987/988 13.0 
STW13-1 
1a 5.22 29.253 PVGA-1253/1254 SWW-606 27.4 
2b 3.95 19.056 nfsg-125 SWW-83M 13.3 
2b 3.79 34.473 SWW-2501 nfsg-09 12.8 
3b 3.33 23.334 PVGA-1957/1958 PVGA-1201/1202 13.5 
4a 3.30 18.698 PVCAG-2269/2270 SWW-1795 15.7 
8b 4.97 40.871 PVGA-1275/1276 nfsg-112 16.4 
STW13-2 
1a 3.18 6.000 PVCAG-2537/2538 SWW-1667 12.6 
1a 3.56 27.253 PVGA-1253/1254 SWW-606 17.4 
3b 4.38 40.052 PVGA-1957/1958 SWW-1643 16.8 
7a 3.86 3.000 PVCAG-2503/2504 PVAAG-3253/3254 16.9 
8b 4.38 40.462 PVGA-1275/1276 nfsg-112 14.3 
PKS13-1 
3b 3.94 48.639 SWW-1761 SWW-1643 15.1 
6b 3.23 53.838 SWW-1969 PVCA-2147/2148 18.1 
8b 3.17 35.462 PVGA-2005/2006 PVGA-1149/1150 11.4 
PKS13-2 
2b 3.16 27.373 PVE-1411/1412 PVE-413/414 10.4 
3a 3.33 9.691 PVAAG-3315/3316 PVCA-55/56 10.7 
3b 3.99 48.639 SWW-1761 SWW-1643 15.8 
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Table 11 QTLs identified using Multiple QTL Mapping (MQM) for reproductive maturity in a hybrid population of NL94 × SL93 lowland 
switchgrass parents 
Dataset Linkage Group 
LOD 
peak 
Position of LOD 
peak (cM) Left-Right Locus 
% phenotypic variance 
explained 
STW12-1 3b 3.65 34.417 PVGA-1201/1202 PVE-987/988 13.0 
STW13-1 
1a 3.93 38.496 PVE-1361/1362 PVGA-2107/2108 8.7 
2b 3.31 21.414 nfsg-125 PVE-781/782 7.2 
3b 4.86 52.842 SWW-1761 SWW-2922 9.9 
7a 3.46 35.916 PVGA-2139/2140 SWW-348 11.3 
8b 3.49 40.871 PVGA-1275/1276 nfsg-112 8.2 
STW13-2 
3b 3.33 37.433 PVGA-1727/1728 PVE-987/988 7.6 
7a 3.64 7.000 PVCAG-2503/2504 PVAAG-3253/3254 10.9 
8b 3.22 40.871 PVGA-1275/1276 nfsg-112 7.4 
PKS12 
3b 3.00 37.433 PVGA-1727/1728 PVE-987/988 8.7 
9a 3.45 15.96 PVGA-1513/1514 PVCAG-2517/2518 18.5 
PKS13-1 
2b 3.92 17.056 nfsg-125 PVE-781/782 9.9 
3b 4.86 44.117 PVGA-1983/1984 SWW-1761 11.6 
7a 3.09 38.916 PVGA-2139/2140 SWW-348 7.7 
8b 3.59 35.462 PVGA-2005/2006 PVGA-1149/1150 9.5 
PKS13-2 
2b 3.59 27.373 PVE-1411/1412 SWW-1622 10.6 
3a 4.58 11.691 PVAAG-3315/3316 PVCA-55/56 13.3 
3b 4.15 45.117 PVGA-1983/1984 SWW-1761 12.7 
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Fig. 1 Frequency distributions for reproductive maturity ratings in a hybrid population of lowland 
switchgrass at two locations, Sillwater and Perkins at seven time points over two years 
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Fig. 2 Frequency distributions for reproductive maturity ratings in a selfed population of lowland 
switchgrass parent NL94 at two locations, Sillwater and Perkins at seven time points over two 
years 
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Fig. 3 A linkage map of 136 hybrid progeny derived from the cross between lowland switchgrass parents NL94 and SL93. Map distances in 
Kosambi map units (cM) of each linkage group are shown on the left, and marker names are shown on the right. Dominant markers are presented 
in bold. Segregation-distorted loci (SDL) are labeled with different significant levels:  *P<0.1, **P<0.05, ***P<0.01, ****P<0.005, 
*****P<0.001, ******P<0.0005, *******P<0.0001 
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Fig. 4 MQM QTL graphs for reproductive maturity in the selfed population on linkage group 2b, 3b, 5a, 7a and 9a. Horizontal line indicates the 
95% significant threshold value for declaring a QTL.  
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Fig. 5 MQM QTL graphs for reproductive maturity in the hybrid population on linkage groups 1a, 2b, 3a, 3b, 7a, 8b and 9a. Horizontal line 
indicates the 95% significant threshold value for declaring a QTL.  
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Fig. 6 LOD profiles of three major common QTLs identified on linkage groups 2b, 3b and 7a in the selfed population. Horizontal line 
indicates the 95% significant threshold value for declaring a QTL.
39 
 
CHAPTER V 
 
 
CONCLUSIONS 
Reproductive maturity is a key developmental stage related to biomass yield in 
switchgrass. Studies on other crops like wheat, maize, rice and cotton, indicated that timing to 
maturity had significant associations with biomass yield and other related traits (Halloran 1977; 
Russell and Stuber 1983; Salam and Mackill 1993; Li et al. 2013). Mapping the QTLs for 
reproductive maturity in switchgrass in present study indicated reproductive maturity of lowland 
switchgrass was controlled by multiple genetic loci and substantially affected by environmental 
conditions.   
Our findings indicated that broad sense heritabilities for the reproductive maturity ranged 
from 0.08 to 0.66 and 0.03 to 0.48 for the hybrid population and selfed population, respectively. 
Recent experiments indicated that heritabilities were moderate (0.47-0.70) for heading and 
flowering time (Bhandari et al. 2010). More recently, Price et al. (2014), using among-and-
within-family selection in upland tetraploid switchgrass, revealed relatively high heritability 
(0.75) for flowering time overall in both selection directions. The discrepancy between previous 
studies and our research could be due to different genetic background and data collection 
methods. In Price’s and Bhandari’s studies, heading date and flowering date were recorded as the 
number of days after a certain date, while in our research, we focused on the whole reproductive 
maturity process, and used a numerical scale from 1 to 7 to evaluate the phenotype, which 
effectively rated different sub-development stages at the same time.  
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Linkage analysis in our study established 17 linkage groups for the hybrid population, 
compared with previously published switchgrass maps of selfed population (Liu et al. 2012; Liu 
et al. 2013), LGs 4a and 4b merged into a single group in our linkage map. A high collinearity 
between the hybrid population map and the published selfed population maps was observed, 
excepting some discrepancies described as following: inversions in marker order between our 
hybrid map and the published selfed population maps. The local rearrangements are common in 
plant genome mapping (Paterson et al. 1996), and genotyping errors could also be a reason 
(Johnson and Haydon 2007). In addition, compared with the established linkage map of the selfed 
population (Liu et al. 2013), seven markers were mapped to their homeologous linkage groups in 
the hybrid population map, from LG 1b to 1a, 2a to 2b, 3b to 3a, 5b to 5a, 6a to 6b.   
Using MQM analysis, our research identified 6 QTLs affecting reproductive maturity in 
the selfed population, which were dispersed on LGs 2b, 3b, 7a, 9a and explained 9.0-22.3% of the 
phenotypic variance each QTL. While in the hybrid population, MQM analysis identified 12 
QTLs occurring on LGs 1a, 2b, 3a, 3b, 7a, 8b, 9a, which explained 7.2-18.5% of the phenotypic 
variance. 
Among these QTLs identified in the selfed population, two located on LG 2b had 
consistent effects on reproductive maturity. One QTL between markers SWW-583 and PVCA-
173/174 was responsible for the maturity ratings of year 2012, which accounted for 12.8% of the 
phenotypic variation in genetic control of reproductive maturity, while the other QTL between 
PVCA-917/918 and PVE-775/776 showed a significant effect on maturity ratings of year 2013, 
and explained 11.0-22.3% of the variation. Different major QTLs identified for different year 
may imply an environment-related effect on expression of the QTLs. QTLs between PVGA-
1727/1728 and PVE-987/988 on LG 3b also showed effects on maturity, which explained 8.4-9.0% 
of the phenotypic variance. QTLs between PVAAG-2503/2505 and PVAAG-3253/3254 on LG 
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7a, and between PVE-49/50 and SWW-170 on LG 9a were also identified, which accounted for 
12.4 and 11.8-12.2 % of the phenotypic variance.  
Among the QTLs identified in the hybrid population, these on LG 3b had major effects 
on reproductive maturity. However multiple regions were identified to have associations with 
reproductive maturity, one region was identified between marker PVGA-1727/1728 and PVE-
987/988, which accounted for 7.6-13.0% of the phenotypic variation, a second region between 
PVGA-1983/1984 and SWW-2922, which explained 9.9-12.7 % of the phenotypic variation. In 
addition, genomic region between nfsg-125 and PVE-781/782 identified on LG 2b in the hybrid 
population was also revealed in the selfed population, which explained 9.9 % of the phenotypic 
variation. QTL between PVCAG-2503/2504 and PVAAG-3253/3254 on LG 7a also occurred in 
both populations, which accounted for 10.9% of the phenotypic variation in the hybrid 
populations. A new QTL region located on LG 8b between PVGA-1275-1276 and nfsg-112 was 
identified in the hybrid population, accounting for 7.4-8.2% of the phenotypic variance. Other 
genomic regions on LG 1a between PVE-1361/1362 and PVGA-2107/2108, and between PVGA-
1513/1514 and PVCAG-2517/2518 on LG 9a were identified, each accounting for 8.7% and 
18.5% of the phenotypic variation, respectively.  
To our knowledge, no QTL mapping work has been reported in switchgrass, thus no 
previous information is available about how the reproductive maturity is genetically regulated in 
switchgrass. Recent research in foxtail millet [Setaria italica (L.) Beauv.], a panicoid grass 
closely related to switchgrass, revealed that multiple genomic regions were involved in the 
control of flowering time (Mauro-Herrera et al. 2013). Sixteen QTLs conditioning flowering time 
in foxtail millet were dispersed on LGs II, III, IV, V, VII, and VIII. The percentage of phenotypic 
variance explained by individual QTLs ranged from 2.5% to 41.9%. Compared with our results, 
common QTLs controlling reproductive maturity in both populations were identified on LGs 2b, 
3b, and 7a (Mauro-Herrera et al. 2013).  
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The results of this study indicated that common QTL regions between PVGA-1727/1728 
and PVE-987/988 on LG 3b, between nfsg-125 and PVE-781/782 on LG 2b, and between 
PVCAG-2503/2504 and PVAAG-3253/3254 on LG 7a identified in both populations were 
associated with reproductive maturity in switchgrass. Compared with the QTLs revealed in the 
selfed population, new QTL regions located on LG 8b between PVGA-1275-1276 and nfsg-112 
was identified in the hybrid population, accounting for 7.4-8.2% of the phenotypic variance. 
Other new genomic regions on LG 1a between PVE-1361/1362 and PVGA-2107/2108, and 
between PVGA-1513/1514 and PVCAG-2517/2518 on LG 9a were identified, each accounting 
for 8.7% and 18.5% of the phenotypic variation, respectively. It was speculated that the extra 
genomic regions identified in the hybrid population could be due to parental genetic basis 
difference, since SL93 (♂) in the hybrid population provided one more source of genetic variation 
compared with that of the selfed population, which derived from one single parent NL94 (♀).  
These newly identified SSR markers and their chromosomal locations would facilitate further 
isolation of genes controlling reproductive maturity through a map-based cloning approach, and 
could eventually expedite the application of marker assisted selection (MAS) in switchgrass 
breeding programs. 
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